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Introduction
Polychlorinated biphenyls (PCBs) are a group of 209 different congeners that are persistent organic pollutants with well-known toxicity and carcinogenic effects [1] [2] [3] . Owing to their hydrophobic nature, PCBs are strongly partitioned and bio-accumulated in soils, especially those rich in organic matter [1] [2] [3] [4] . Their adverse effects have led the European Commission to heavily restrict their use in 1985 [4] , however, PCBs still represent a global problem due to their strong environmental persistence (high chemical stability of C-Cl bond). Therefore, search for efficient treatment technologies for PCBs is a major environmental challenge especially in contaminated soils where remediation is a complicated task [1] [2] [3] [4] . Indeed, the fate of PCBs depends on the components of the contaminated matrix where PCBs are associated [3] [4] [5] . However, very limited data is available about the effects of various soil factors on the fate of PCBs [4] .
Among existing treatments to remove PCBs, chemical oxidation treatments are
showing great potential as a viable remediation technology [3, 7] . Chemical oxidation is widely used to treat pollutants in ground and surface water [5] [6] [7] and thus can be potentially used to treat subsurface zone (e.g. vadose zone). Traditionally, chemical oxidation involves the use of oxidants such as persulfate (S 2 O 8 2-), hydrogen peroxide (H 2 O 2 ) or permanganate (MnO 4 -) to degrade organic pollutants in contaminated soils [3, 4] . These oxidants can be activated using heat or a transition metal in order to produce highly oxidative radicals [4, 8] .
For example, S 2 O 8 2-and H 2 O 2 can be activated to produce SO 4 •-(E° = 2.6 V) and HO • (E° = 2.8 V) radicals which are strong oxidants than the original species. However, chemical oxidationbased treatments exhibit contrasting remediation outcomes in aged contaminated soils 4 since the characteristics and buffering capacity of the soil have strong impacts on the removal of pollutants [4] .
Recently, a novel remediation strategy based on the use of ferrate(VI) (FeO 4 2-or Fe(VI)) has been developed [9] [10] [11] [12] [13] . High-valent iron species such as Fe(VI) can carry out radical and electron transfer reactions [14] . Fe(VI) is a powerful oxidant with strong efficiency over a wide pH range (E° = 2.2 and 0.7 V in acidic and basic media, respectively) [7, 9, 11, [15] [16] [17] [18] . Ferrate(VI) can exist in four forms according to the pH as shown in equation 1 [9, 10, 16, 17] . 
Although ferrate(VI) is more stable at alkaline pH, it exhibits stronger oxidation efficiency at acidic and circumneutral pH where the most reactive form, monoprotonated ferrate (HFeO 4 -), is present [14, 18, 20] . Moreover, HFeO 4 -is readily decomposed to Fe(V) and Fe(IV) species that are more reactive than Fe(VI) for oxidation process [11, 18] . It is generally known that the ferrates species (Fe +IV to +VI) preferentially target pollutants with electron rich moieties such as phenols, anilines, amines, aromatics, alcohols and olefins in water [14, 19, 21, 27] . However, its use has rarely been reported for soil remediation as correctly identified in a very recent review article [10] . Moreover to the best of our knowledge, the use of Fe(VI) for oxidative degradation of polychlorinated compounds such as PCBs has been reported neither in aqueous medium nor in soil. In addition to its high oxidation efficiency, degradation products of ferrate(VI) are non-toxic e.g. Fe(III) (hydr)oxides, and may preserve the biodiversity of the treated soil [9, [11] [12] [13] and conventional oxidants was also tested to improve the oxidation efficiency as they proceed through different oxidation mechanisms including electron transfer (ferrate(VI)) and radical pathways (conventional oxidants). Coupling of different oxidation pathways could be advantageous for an efficient pollutant removal. Remediation efficiency is usually limited by soil matrix effect and pollutant availability which was investigated as a second part of this study with a focus on carbonate content, overall soil matrix and PCB availability. Since this is the first study reporting the use of ferrate(VI) for soil remediation, oxidation mechanisms in soil are also proposed. and contained 6 congeners (PCB28, PCB52, PCB101, PCB138, PCB153, PCB180) while   supplementary solution of 17 congeners (PCB33, PCB53, PCB77, PCB81, PCB105, PCB110,   PCB114, PCB118, PCB123, PCB126, PCB149, PCB156, PCB157, PCB167, PCB169, PCB170, PCB189) were purchased from TechLab (France). In addition, PCB209 (analytical standard) in solid form was purchased from Sigma-Aldrich and was used without further purification.
Potassium ferrate (20%) was supplied by NanoIron company (Czechia 
Soil characteristics
The soil, which was provided by the French Environment and Energy Management Agency (ADEME), was dried, crushed and passed through 500 µm sieve for further remediation experiments. The main characteristics of the soil are summarized in The PCB concentrations in the soil samples were determined by Gas
Chromatography-Mass Spectrometry (GC-MS) and results are summarized in Table 2 . The total amount in PCBs in the soil is very high and above the threshold values established in most of the countries [1] . Total content of the main PCBs is > 1000 mg/Kg out of which >50% 7 is composed of hexachlorinated biphenyls while penta-and hepta-chlorinated biphenyls represent approximatively 45% of the total amount.
Oxidation experiments
A summary of different experiments performed in this study is presented in Table 3 .
Firstly, experiments were performed at different liquid-to-solid ratios (L/S) of 1, 5, 10 and 15
to evaluate the impact of L/S ratio on oxidation efficiency of Fe(VI). In a typical experiment, 2 g of soil was first homogenized with 1 g of solid potassium ferrate (loading of 0.5 g/g). Further experiments were performed to evaluate the impact of factors associated to soil matrix as well as the PCBs availability. This is crucial for evaluating the limiting factors in
PCBs removal in the tested soil and by extrapolation, it could provide important data on the type of soil that could be effectively treated using ferrate(VI) oxidation. Concerning the soil matrix, the effect of carbonate is mainly studied. For this, the soil was decarbonated by fumigation using 7 M HCl and the resulting pH in water reached 4.94. The mass loss corresponded to the amount of carbonates in the original soil (Table 1) . Subsequently, different oxidation treatments were applied to 2 g of decarbonated soil, as summarized in Table 3 , by comparing and combining ferrate(VI) and conventional oxidants. On the other hand, to evaluate the impact of PCB availability, different procedures were opted (Table 3) which have already shown positive impacts in previous studies on pollutant availability for ultimately a better remediation [5, 30] . For this purpose, soil was subjected to different pretreatments including the use of complexing agent, the methyl-β-cyclodextrin, and the exposition of the soil to 40°C. In these cases, the mixture was stirred for 24 h before the addition of ferrate(VI).
To further assess the impact of soil matrix, extractable organic matter (EOM) was separated from soil by following the extraction procedure detailed in section 2.4 and was spiked on sand (Table 3) . Purpose is to separate the extractable organic matter (EOM) from the mineral and insoluble organic matter (IOM). In next step, to further study the impact of PCB availability, the soil extract was not separated from the soil, rather it was evaporated to 9 to spike on the same soil from which it was extracted. In this case, purpose is to freshly contaminate the original matrix since recalcitrance could differ from historically contaminated soil (Table 3) . Spiking process was completed after full evaporation of hexane solvent.
PCB extraction and analysis
Prior to extraction, the treated soil (or sand) samples were freeze-dried using 
Results and discussion
Firstly, oxidation experiments with Fe(VI) were performed using different L/S ratio (from 1 to 15) to study its impact on Fe(VI) efficiency and to identify a suitable L/S ratio. The results in Fig. S1 (Supplementary Material) showed that the water content in the soil has negligible effect on the extent of PCB removal. Therefore, we chose L/S = 1 for further experiments reported in the present study which is a realistic choice for potential upscaling to in situ applications. It should be noted that lower ratios (i.e. L/S ratio < 1) were not tested here, because that does not allow uniform mixing/contact of the soil with the oxidant solution due to the lower water contents. It is also worth noting that many studies were devoted to pollutant removal in soil suspension at L/S >> 1 [5, 10, 33, 34] , such high ratio being less relevance for in-situ applications [2] . In addition, a treatment time of 24 h is chosen for further experiments on the basis of a preliminary kinetic study performed until 48 h (data not shown). Indeed, it was observed that no further pollutant degradation occurred beyond 24 h for any of the chemical oxidation system tested in this work. To our knowledge, no data about the use of Fe(VI) is available in soil remediation, which makes it difficult to fairly compare our data with the literature.
PCB removal using different oxidation treatments

Ferrate(VI) oxidation
Removal extent of different PCB congeners in tested soil by Fe(VI) treatment is presented in Fig. 1 . Heavy (high chlorinated) PCBs were found to be the most degraded group of PCBs. Degradation extent of the hepta-chlorinated biphenyl congeners 170 and 180 11 was approximately 50% as compared to the 30% degradation of the remaining lower chlorinated PCBs (Fig. 1B) . This could be explained by the fact that heavy PCBs such as hepta-CB are degraded to lower chlorinated PCBs [1] and thus, the decrease in overall concentration of light PCBs appears relatively lower (i.e. the observed decrease in light PCBs does not reflect their real degradation since heavy PCBs are degraded to lighter ones).
In order to improve the removal efficiency of PCBs in tested soil, different doses of Fe(VI) were introduced in single and sequential addition at different time intervals (Fig. S2 ).
It was observed that neither the dose of ferrate(VI) nor the sequential addition affects significantly the PCBs degradation. The usual trend of higher oxidation efficiency of Fe(VI) at higher oxidant dose [6, 7, 10, 23] was not observed in our case that might be attributed to the strong refractory nature of PCBs or their unavailability for further remediation as observed for highly sequestered pollutants [5] . As Fe(VI) dose was not a limiting factor, the minimum dose (0.5 g/g) was found as the optimal loading for our experimental conditions. Therefore, this dose was chosen for further experiments. Because of the degradation of ferrate(VI) in presence of water is exothermic [9] , a test was also carried out at 4°C instead of room temperature but only a slight increase in PCBs degradation efficiency (+4%) was achieved (Fig. S3) .
Ferrate(VI) vs. conventional oxidants
The oxidation efficiency of ferrate(VI) was compared to that of conventional oxidants the precipitation of Fe(II) due to the higher pH (9.93) in tested soil. Conventional oxidants usually degrade pollutants through radical mechanism e.g. hydroxyl radicals attack organic structure usually through hydroxylation [6] . However in case of PCBs, such mechanism is not favored probably due to the high degree of chlorination of molecules hindering the access to the carbon aromatic structure [1] , thus necessitating a dechlorination step [33] which is hardly achieved using radical pathway. (Fig. 2) . In addition, the pH of the soil, which is 9.93, limits the formation of hydroxyls radicals.
On the other hand, Fe(VI) preferentially attacks electron-rich moieties and acts via mechanisms based on electron transfer as illustrated in equations 3 and 4 (R represents an organic compound) [6, 18, 20, 21, 27] . Attempts to identify the reaction by-products using GC-MS and then elucidate the Fe(VI) oxidation mechanism failed, probably due to the low PCB degradation extent and the complex organic contamination in the investigated soil.
Furthermore, oxidation products of heavier PCBs are supposed to be lighter PCBs, which are originally present in the investigated soil, as reported in previous work [1] . To fill this knowledge, we used the most relevant published data on how Fe(VI) reacts with organic compounds. Indeed, a plausible reaction step may involve transfer of two electrons accompanied by oxygen atom transfer, leading to dechlorinated by-products [6, 27] . Other degradation steps may imply oxidation by Fe(VI) but also by Fe(V) and Fe(IV) (i.e. species from Fe(VI) decomposition) [27] .
As the action of ferrate depends strongly on the reaction pH, alkaline nature of tested soil (pH 9.93) could result in lower efficiency of Fe(VI) [27] . However, at alkaline pH, +V valent states of ferrate including monoprotonated and deprotonated HFeO 4 2-and FeO 4 3-, respectively, co-exist simultaneously (eq. 5) [24, 27] . Therefore, Fe(V) can be considered as one of the main oxidant for PCB degradation at alkaline pH [27] .
Integrated application of Fe(VI) and conventional oxidants
After reaction, Fe(VI) is usually transformed into ferric (hydr)oxides in soil [10] which could be advantageous for its integrated application because iron minerals may activate conventional oxidants to produce stronger radicals at wide range of pH values [31] .
Therefore, combined application of ferrate and conventional oxidants (S 2 O 8 2-and HSO 5 -) at different concentrations was tested (Fig. 2, S4 and S5). At lower concentrations (2 and 20 mM), no significant effect was observed for HSO 5 - (Fig. S4 ) while an antagonistic effect was noted for S 2 O 8 2- (Fig. S5) . However, at higher concentrations (0.2 M), a positive effect of combined application of ferrate(VI) and these conventional oxidants was observed, especially for ferrate(VI)/HSO 5 -system which removed 40% of PCBs. Similarly, integrated application of Fe(VI) with sulfur(IV) compounds such as sulfites resulted in better efficiency [22, 36] [6] . Thus, the following oxidation mechanism can be proposed for the degradation of PCBs: (1) attack of the Fe(VI) on e --rich chlorine substituent, and (2) Fe(VI) can still oxidize aromatic rings through e -and O atom transfer. The latter step is favored by the formation of radical species which can attack aromatics (leading potentially to aromatic ring opening) [6] .
Although conventional oxidation processes can dechlorinate PCBs [32, 33] , the use of Fe(II) activated H 2 O 2 system resulted in negligible degradation in our experimental conditions ( Fig.   2 and S6) , suggesting that the attack of ferrate(VI) on Cl substituents is more efficient than the action of the other oxidants. Therefore, the step involving ferrate(VI) is really necessary for synergistic action with radical oxidation of the chlorinated compounds.
Effect of soil matrix and PCB availability on ferrate(VI) oxidation efficiency
It is generally known that the oxidation efficiency can be limited by pollutant unavailability and/or soil matrix effect [25, 26, 30] . In tested soil, incomplete PCB degradation was observed irrespective of the ferrate(VI) concentration and the nature of oxidation treatment. To understand whether it could be correlated to above limiting factors in tested soil, further experiments were performed to assess their role in Fe(VI) efficiency which are discussed in the following sections.
Effect of soil matrix
Effect of soil matrix was evaluated by studying the impact of carbonates and overall soil matrix. It is generally admitted that carbonates content negatively affect the efficiency of chemical oxidation [28, 29] . To understand its role in the tested soil, decarbonatation of the soil was performed (since CaCO 3 is the main component as seen in (6) The treatment of decarbonated soil by ferrate indicated higher PCB removal (45%) as compared to that in raw soil (30%) (Fig. 4) since decarbonatation also reduced the soil pH to 5. At this pH, main form of ferrate(VI) is the monoprotonated species HFeO 4 -, the most reactive form, leading to higher oxidation than raw soil (Fig. 4A) . Moreover, Fe(VI) oxidant degrades almost 60% of heavy PCBs such as hepta-CB (Fig. 4B ). In addition, carbonate ions affect directly the stability of Fe(VI) [35] . Indeed, Kolar et al. have demonstrated that
carbonates favor the decay of Fe(VI) and formation of iron(III) oxide/hydroxide particles, [35] , thus supporting the better PCBs removal observed in decarbonated soil. On the other hand, elimination of carbonates did not improve the oxidation efficiency of conventional oxidants, compared to raw soil (Fig. 2) , as they resulted in very poor PCB degradation in decarbonated (Fig. 5 ).
Combined treatments with ferrate(VI) and conventional oxidants are also performed on decarbonated soil in order to compare with the efficiency of such treatments in raw soil, and thus to assess effects of carbonates content. In decarbonated soil (Fig. 5) , the combined approach is less efficient than in raw soil suggesting a loss of synergy between e -transfer and radical pathway. This discrepancy in oxidation efficiency could be due to (1) increased concentration of PCBs in decarbonated soil (Fig. S7) and (2) possible interferences between radical and e -transfer mechanisms resulting from the pH decrease. On the other hand, the carbonate, also known as radical scavenger, has no effect on the removal of PCBs by In next step, effect of overall soil matrix was evaluated by extracting the organic extract (EOM) and spiking on sand. Then, the spiked sand was also subjected to chemical oxidation to assess the ability of ferrate(VI) to degrade PCBs in absence of soil matrix effect.
PCB concentration in spiked sand was comparable to that of the initial soil. Obtained results indicated that degradation efficiency of PCBs is better in spiked sand (55% removal) than in raw soil (30% removal). Similar to the raw soil, degradation extent of heavy PCBs reached 50% (Fig. 3A) . However light PCBs (especially congeners 28 and 33) are almost fully degraded in spiked sand, probably because of high reactivity of ferrate(VI) with more accessible aromatic rings of the dehalogenated compounds.
The soil matrix plays a fundamental role in the degradation efficiency of PCBs. Indeed, soil and sand matrices are completely different since the soil is a more complex matrix which negatively affects the oxidation process due to the non-target consumption of oxidants.
Application of ferrate(VI) and HSO 5 -(alone or in combination) was also evaluated in spiked sand to provide more insights on the effect of matrix (Fig. 3B) . HSO 5 -was chosen because of its higher efficiency with ferrate(VI) than other conventional oxidants used in raw soil (section 3.1.3). A similar degradation extent (45%) of total PCBs was observed by ferrate(VI), HSO 5 -or Fe(VI)/HSO 5 -in spiked sand (Fig. 3B) . Similar results (45%) were also obtained for Fe(II)/H 2 O 2 system highlighting that there is no effect of the nature of treatment on the PCBs removal in spiked sand. Considering the difference of PCB degradation in sand (45% by all oxidants) and soil medium (30% by Fe(VI) and <12% by other oxidants), it is clear that that the role of soil matrix as a limiting factor is more prominent for conventional oxidants ( Fig. 3B and 2 ). In addition to the soil matrix effect, it is also highly probable that there is an effect of pH since efficiency of ferrate(VI) oxidation is better under acidic conditions (i.e. sand slurry pH 6 vs. soil slurry pH 9.9). However, observed differences in efficiency of conventional oxidants between sand and soil (raw or decarbonated) medium suggest that their poor oxidation efficiency in raw soil is not exclusively associated to the alkaline pH.
Rather, it could be associated to the soil matrix effect. The good efficiency in PCBs removal by ferrate(VI) in raw soil (pH 9.9) as well as in spiked sand (pH 6) and decarbonated soil highlights its adaptability over a wide range of experimental conditions.
Availability of PCBs
To assess whether the availability of PCBs in the soil matrix may impact the ferrate(VI) oxidation, chemical and physical means were employed in order to increase the availability of pollutants before starting Fe(VI)-based oxidation. Use of pollutant-availability enhancement agents such as cyclodextrin or thermal pretreatment by increasing temperature were found to enhance pollutant availability in contaminated soils for subsequent remediation [1, 25, 26, 30] . However, in our case, the use of cyclodextrin at 0.05M or 0.10M did not impact the subsequent degradation of PCBs (Fig. S8) . Similarly, exposing soil to an elevated temperature (40 °C) prior to treatment resulted in negligible increase in subsequent pollutant removal. Thus, these pretreatments did not yield any positive impacts on pollutant unavailability or the subsequent treatment. These observations attest the strong refractory nature of PCBs in tested soil.
Impact of pollutant availability on Fe(VI)-based treatments was assessed by following another strategy which is based on re-spiking the contaminated soil (Fig. 6 ). For this purpose, EOM extraction procedure (similar to that for spiking on sand) was used (section 18 2.3). The removal efficiency of PCBs increased from 30% (in raw soil) to 42% in re-spiked soil (Fig. 6A) , suggesting that the availability of PCBs in the soil plays a crucial role on the overall removal performance. Indeed, availability of pollutant increases in spiked soil since it is a freshly contaminated matrix and thus PCBs are less sequestrated than in historically aged contaminated soil [5] . (Fig. 6B) . Indeed, degradation mechanism using conventional oxidants is mainly based on radical-pathway since aromatic rings of light PCBs are more accessible [1] .
In contrast, ferrate(VI) can be more efficient for the removal of heavy PCBs since the mechanism goes mainly through electron transfer and the attack of e -rich moieties such as Cl (section 3.1.3).
Conclusion
This is the first study to assess the use of and radical pathway, respectively. Since the identification and quantification of PCB degradation by-products in the soil system is not straightforward, this task could be preliminarily performed in aqueous phase, as recently reported in [32, 33] , with the aim to better understand the degradation pathways in a more complex system (i.e. soil).
Further experiments revealed that oxidation efficiency is limited by various soil factors like carbonate contents, overall soil matrix and pollutant availability. Effect of these factors was more pronounced for conventional oxidants than ferrate(VI), highlighting its better adaptability for soil application. 
